†a) , Mi-Kyung OH †b) , Student Members, and Dong-Jo PARK †c) , Member SUMMARY This paper presents a new transmission scheme of M-ary biorthogonal pulse position modulation (BPPM) in ultra wideband systems. The proposed scheme incorporates position-wise parity information to improve the probability of symbol detection over multipath channels. A linear filter-based channel modification is also introduced to mitigate multipath degradation and maximize the probability of symbol detection by using parity information. The analytical and numerical results show that the proposed scheme achieves a significant improvement of symbol error rate (SER) with very low computational complexity and no symbol delay.
Introduction
Ultra wideband (UWB) impulse radio (IR) communications involve the transmission of short pulses that occupy a large bandwidth and provide fine time resolution [1] . It makes the UWB IR a promising alternative technology for the robust wireless indoor communications (IEEE 802.15.3a) and applications requiring location awareness (IEEE 802.15.4a). In general, the UWB IR adopts M-ary PPM to transmit an information symbol which is represented by the relative bin position of modulated pulses [3] , [4] . However, the pulse detector at the receiver shows a high symbol error rate (SER) because of the uncountable multipath components of the channel, where the delay spread of the channel is much longer than the information bin width.
Attempts to improve the bit error rate (BER) in UWB multipath environment, including a channel coding method, are considered in [4] , [5] . Judging from the viewpoint of the location awareness, however, the BER is not important as much as the SER. In other words, the position detection of a received symbol in the M-ary PPM system, which is related to the SER, should be accurate and robust so that the distance between the communicating entities can be measured. To improve the SER, [1] , [3] adopted spreading codes that can overcome the low power pulse, i.e., low SNR problem. The pulse spreading in UWB systems is usually implemented as the simple repetition codes for the single user system and orthogonal codes for the multiuser system. The correlation between the spread pulses and the received signal gives the symbol decision measure [3] . However, the spread codes cause a long decision delay which degrades the simplicity of the UWB IR. In this paper, therefore, we introduce a new transmission scheme and symbol detection algorithms to enhance the symbol detection capability with an admittable computational complexity.
In the conventional UWB system, the maximum likelihood detector (MLD) selects a bin position as the transmitted symbol position, at which the detection measure shows the maximum value. And it was seen that the distribution of detected positions for a fixed symbol position follows the magnitude of the autocorrelation function of the channel, where it is defined as
] regardless of the receiver types (e.g. RAKE or autocorrelation receiver), where h(t) denoting the multipath channel [2] , [3] . Therefore, the MLD works well if the autocorrelation R h (τ) is a fast decreasing function satisfying |R h (τ)| 0 for τ 0. In this case, the detection errors come only from zero-mean additive noise [3] .
In the real multipath UWB channels, however, |R h (τ)| for τ 0 can be even comparable to |R h (0)|, for which the conventional MLD frequently fails [6] , [10] To overcome this degradation, we can make the M-ary bin width longer than the maximum excess delay spread of the channel so that the multipath components can be neglected. But this approach degrades the communication speed and the accuracy of the location awareness to the unacceptable levels.
Therefore, we propose a new transmission scheme which can alleviate the effects of the slowly-decreasing autocorrelation of the channel by incorporating parity information into the transmitting symbols. In the proposed scheme, we employ Gray mapping to avoid the burst bit errors and even-parity to assist the symbol detection. Moreover, a linear filter can be inserted at the transmitter or receiver so that the autocorrelation of the overall channel response meets the requirements of the proposed algorithm. As we will see later, the requirements are contradicted to the conventional ones for the MLD. After the design of transmission and reception schemes, we include the performance analysis and simulation results which demonstrate the superiority of our algorithm to the conventional MLD.
System Description and Parity Pulse
In the following description of the proposed system, we will consider only a single-user system. However, the proposed system can be easily extended to the multi-user system, which uses the time hopping sequence to accommodate the multi-user. And the pulse-level synchronization is also assumed because the objective of our scheme is the symbol detection based on correlation measures. Figure 1 illustrates the proposed transmission scheme of parity pulse using the M-ary BPPM, in which the parity bit is carried on the polarity of transmission pulses. The transmission pulses are constructed as following. First, the jth binary data sequence We call this parity-based pulse as a parity pulse.
Considering the above described parity information, the transmitted signal for the single user can be given by:
where N s is the number of pulse repetition, p p (m j ) := 2p(m j ) − 1 ∈ {−1, 1} denotes the pulse polarity at the m j th PPM bin, E w is the energy per pulse, T m is the width of a PPM bin, T f is the width of a frame and w p (t) is the UWB pulse with
The resultant frame duration is thus T f = MT m + T g and the symbol duration is T s = N s T f . For the correct symbol decision, we can see that the multipath effect on the N s pulses, i.e., inter-bin interference (IBI), should be minimized. And the inter-symbol interference (ISI), which comes from the neighboring symbol, is neglected by setting a long value on T g (see Fig. 1 ).
The pulses of (1) are transmitted through the multipath channel, which is modelled as [6] :
where L 1 is the number of multipath clusters, L 2 is the number of multipaths per cluster, τ Cm is the delay of the mth cluster, τ Pm,n is the delay of a multipath component and δ(t) is the Dirac delta function. Then, T g can be set to
The received signal is then given by
where * denotes convolution and n(t) is additive white gaussian noise (AWGN).
Assuming the pulse-level synchronization, the autocorrelation or RAKE receivers produce the following correlation metric r j
each element of which is defined as
where R h (τ) is the autocorrelation function of h(t) and n c (i) represents the sampled noise at the receiver output [3] , [7] .
In the conventional M-ary BPPM scheme, the MLD selects the position, where the absolute value of r(i|m j ) is maximum, i.e., the selected position is
The transmitted symbol is then given bym j = GC −1 (m j ). And the polarity of r(i|m j ) at the positionm j is decoded as an additional data bit. As already introduced in Fig. 1 , however, we will use the polarity of r(i|m j ) as a reliability check in the decision of (6), which will be detailed in the next section.
Symbol Detection Algorithm for Parity Pulse Transmission Scheme
In order to detect the transmitted symbol in the proposed scheme, the parity check at the receiver is performed for several candidate positions, the correlation metrics of which have large values. The first largest N t values are selected
to make a set of candidate positions,
i+1 for i > 0, where sign(·) is a sign operator. This polarity assumption will be realized by designing a channel modification filter in the next section.
To see what the polarity assumption gives, let us consider the following example that shows the comparison of the polarity at each bin position.
where sign(r(i|m j )) is the received polarity at the ith bin position and is obtained from (5) with n c (i) = 0. p p (i) is the polarity that the transmission pulse at the ith bin position If
should have. Thanks to the Gray mapping and the polarity assumption, the polarities of Tx-side and Rx-side can be equal only at the true transmission symbol position m j as shown in the example. Therefore, our symbol detection algorithm can be deduced. Starting from i m (1) to i m (N t ), the polarity of r(i m (k)|m j ) is compared with that of the candidate position p p (i m (k)) for k = 1, . . . , N t until the equal polarity is found, whose index is decided as the transmitted symbol by applying GC −1 (·). If no match is found at the end of search, then i m (1) is simply judged to be the transmitted symbol, which is the selection of the conventional MLD. We call this procedure as "Sorted Detection Algorithm (SDA)."
Since the above described procedure requires a sorting operation, we simplify the SDA as following: First, multiply p p (i) with r(i|m j ); Second, search for the maximum r(i max |m j ) and absolute maximum |r(i max |m j )|; Third, if |r(i max |m j )| + ∆ > |r(i max |m j )| then select i max , otherwise i max , where ∆ is a constant to be decided according to the channel statistics. We call this algorithm as "Direct Search Algorithm (DSA)." At this point, it should be emphasized that the proposed detection algorithm requires almost no additional computation compared with the conventional MLD, because both the DSA and the conventional MLD require only single full search. Table 1 summarizes the DSA.
The requirements for the proposed transmission/ detection scheme can now be summarized as: 1) Wrong parity at a wrong position: the polarity assumption, i.e., sign (R h 
No polarity inversion at all positions: R h (iT m ) is a slow decaying function or has large amplitude at i 0. However, the autocorrelation function of a real UWB multipath channel does not always satisfy these conditions. It motivates us to propose a filter-based channel modification in the next section, which guarantees the above two requirements.
Transform Filter Design for Multipath Channel
In order to modify the channel characteristics toward our requirements, we insert a transform filter, which is linear, after the pulse generator of (1) at the transmitter (Note that this filter can be equivalently inserted before the demodulation at the receiver). Because the channel characteristic does not vary severely for the same channel model, the design result of the transform filter for the average channel characteristic can be used without the instantaneous recalculation [6] , [10] .
Consider a transform filter h T (t) with N c taps, defined as:
where τ T i and β i are the delay and the weighting factor of the ith tap. With the transform filter, the received signal (3) becomes r j (t) = h T (t) * h(t) * s j (t) + n(t) and the equivalent channel is given by h E (t) = h T (t) * h(t), where the autocorrelation function R h E (τ) can be controlled by adjusting β i and τ
To achieve the two requirements, described in Sect. 3, R h E (τ) should satisfy the following polarity constraint:
and maximize the following cost
Equation (8) aims to guarantee the wrong parity at a wrong position and (9) minimizes the polarity inversion at all positions by biasing r(i|m j ) in the direction of the desired polarity.
Relying on (8) and (9), an optimization problem for finding β i and τ i can be formulated as following:
which can be solved by using the Karush-Kuhn-Tucker (KTT) method [8] . However, if we set τ i to iT m and N c to M, then (10) becomes a simple digital filter design problem, which has a sufficient degree of freedoms to guarantee the requirements of the proposed scheme. Note that the response of h T (t) cannot exceed the frame boundary, i.e., generally = jT m , then (10) can be simply rewritten as
Using the KTT method, the filter coefficients of the optimized transmitting filter are found as
). It can be observed that the coefficients for |χ| > 1/2 do not satisfy the polarity requirement because of the large |R h (T m )| value. However, the second requirement can be still satisfied, i.e., R h E (T m ) is maximized.
Before further discussion, we need to emphasize that (9) maximizes IBI, whose result is contrary to the notion of the conventional channel equalization. However, if the conventional MLD is used for the symbol detection, "Maximize" in (10) should be replaced by "Minimize" so that the multipath channel should be equalized. The effect of "Maximize" and "Minimize" of IBI will be confirmed by numerical simulations (see Fig. 3 ) in Sect. 6 .
Remarks on channel estimation and filter calculation: We have assumed the perfect channel state information (CSI) for the proposed transform filter. However, the CSI is not known a priori and should be estimated at the receiver. Although we do not consider the channel estimation, there are many approaches for UWB channel estimation [9] - [12] . Instead, because the perfect CSI is not generally achievable in real systems, we need to consider the effect of channel estimation error, which is described in Sect. 6 (see Figs. 8-11 ). Following the channel estimation, the receiver calculates the coefficients of the transform filter to feedback to the transmitter. We note that the feedback of the transform filter information is much preferable to the feedback of the UWB CSI, since the UWB channels have tremendous multipath components.
Performance Analysis
In this section, we derive the SER of the conventional MLD and the proposed scheme for UWB multipath channels. Because all the decisions are made on (4), the SER can be represented in terms of r j . For the conventional MLD, the SER P e (m j ) of N m + 1 bit data symbols (N m bits in position (m j ), 1 bit in polarity (p b )) can be defined as
where E pos is the event of the correct position and E pol is the event of the correct polarity. It should be noted that the P(E pos , E pol |m j ) is not conditioned on p b in (12) because the distribution of r(x|m j , p b = 1) is symmetric with that of r(x|m j , p b = 0) for AWGN. Noting that the position having a maximum value among |r(i|m j )|| M i=1 is decided as the transmitted symbol in the MLD scheme, P(E pos |m j ) can be given by
Moreover as the noise of each element in (4) is independent, we can rewrite (13) as
where G(x, i) and F(x) are given by
Since E pos meansm j = m j , P(E pol |E pos , m j ) in (13) can be approximated as
However, it should be noted that P(E pol |E pos , m j ) P(E pos |m j ), i.e., we can neglect P(E pol |E pos , m j ).
Using (14), (15) and (16) and assuming the prior probability of m j to be uniform, the average SER is then given by
Because of the relationship between r(i|m j ) and R h (·) in (5), we can observe from (14) and (15) that the SER can be significantly degraded by the multipath channel if R h (i) for i 0 becomes large in the conventional MLD.
On the other hand, using the SDA, the success decision probability P c (m j ) of the proposed parity pulse scheme can be defined as
where P s (i) is the correct decision probability at the ith decision loop and P l (m j ) is the correct decision probability at the last failure of the parity check. The success probability at the first trial is the same as P c (m j ), i.e. P s (1) = P c (m j ). However, if the success decision is made at the second trial, there exists a bin, at which |r(i|m j )| for i m j becomes maximum but the parity check fails. This probability can be written as
where the index set S k is defined as
where {A\B} means a set with all the element of A except for the elements of B. Based on (16), the probabilities of correct and incorrect polarity decision at x in (19), P pc (x|m j ) and P pe (x|m j ) are approximately given by
Defining the common function form as
P s (2) in (19) can be rewritten as
Similarly, the success decision probability at the ith trial can be recursively defined as
The last term in (18), P l (m j ) can be written as
whereP(x|m j , S k ) is defined as
where A c is the complement set of A. Note that P l (m j ) is very small for moderate N t and can be safely neglected.
Because of the fact that P s (1) = P c (m j ), P c (m j ) ≥ P c (m j ) and the performance difference becomes large if N t = M. It means that the SER of the proposed scheme is always better than that of the conventional MLD.
Numerical Simulations
We conduct numerical simulations to verify the performance of our design. In all experiments, the gaussian monopulse is employed for w p (t) [1] and channel models (referred to as CM1, CM2, CM3 and CM4) described in [6] are used for the underlying multipath channel. T m is set to 1 ns and the maximum delay spread T g to 16 ns, 26 ns, 45 ns and 75 ns for CM1, CM2, CM3 and CM4, respectively, which correspond to 3 times RMS delay (99% confidence interval) for each channel. The proposed transform filters at the transmitter (in short, we call it as Tx filter) with 2 taps for the binary BPPM and 4 taps for the 4-ary BPPM are designed by (11) . For the fair comparison, we insert a zero-forcing equalizer for the MLD, which has the same number of equalizer tabs with the Tx filters. We used the DSA (∆ = 0, see Sect. 3) for the symbol detection of the proposed transmission scheme, which corresponds to setting N t = 2 for the binary BPPM and N t = 4 for the 4-ary BPPM in the SDA, respectively. We note that the DSA requires the same computational complexity with the MLD. It is assumed that the receiver is exactly synchronized with the transmitter and knows the perfect channel state information. All the results are obtained by averaging 100 channel realizations, where 10, 000 symbols are generated for each channel realization.
First, we plot the analytical results in Fig. 2 , which are obtained by evaluating (12) , (17) and (18). The corresponding numerical lines are achieved by directly simulating the proposed parity pulse scheme and the conventional method. It can be seen that the theoretical analysis in Sect. 5 is closely matched to the simulation results. In the case of the MLD, the analysis shows an exact coincidence for binary PPM and an upper bound for M-ary PPM (M > 2). On the other hand, the analysis for the proposed scheme shows upper bounds for both binary and 4-ary BPPM transmission, which is due to the assumption on the independency of the decision measure (4) when calculating (14). However, we note that the difference between the bound SER and the true SER becomes negligible for the SER lower than 10 −2 . We also observe that in both cases of the binary and 4-ary BPPMs, the performance of the proposed scheme is much better than that of the conventional MLD. However, the amount of SER enhancement decreases as M becomes large since the condition of wrong parity at the wrong position is more easily violated. We obtained the transmission gain of minimum 4 dB for the binary scheme and 2 dB for the 4-ary scheme.
To verify that the detection capability can be improved by inserting an additional linear filter, as described in Sect. 4, the SERs for the binary BPPM are plotted for various scenarios in Fig. 3 . The label "Tx filter" means that a filter is inserted at the transmitter, where it maximizes |R h E (iT m )| for i 0 (see (10)). The label "Zero-forcing equalizer" represents that a filter is inserted at the receiver which minimizes |R h E (iT m )| for i 0. As expected, for the conventional MLD, the "Tx filter" scheme shows poor performance in comparison with the "Zero-forcing equalizer" and "No filter" cases. For the parity pulse scheme, however, the "Tx filter" method is much better than the other cases. This result supports our claim that the IBI should be maximized if the polarity condition can be satisfied. Applying the "Tx filter" to the proposed parity pulse scheme and the "zero-forcing equalizer" to the MLD, Figs. 4, 5, 6 and 7 show the SER performance of the binary BPPM and 4-ary BPPM for all the UWB channel models. We also include the SER performance corresponding to the case without any filter insertion. It is observed that the proposed scheme shows better performance for all the UWB channel models. However, we note that the performance for each channel model is almost similar to each other. It can be explained by the Tx filter and the zero-forcing equalizer. If a zero-forcing equalizer is employed for the MLD, the multipath channels are compensated to the AWGN channel, resulting in the same performance for all the channel models. On the other hand, if an Tx filter is exploited for the proposed parity pulse scheme, the multipath channel becomes a highly correlated channel, which satisfies the two requirements in Sect. 3. Therefore, the well-designed filters provide the same performance, regardless of the underlying multipath channels. In the case of no filter insertion, however, there is SER difference among the multipath channel models.
So far we have assumed that the channel estimation is perfect and known to the receiver, by which the inserted fil- ter (Tx filter or zero-forcing equalizer) is expected to work properly. In practice, however, there is the channel estimation error, which degrades the performance of the inserted filters. Consider the channel model introduced in Sect. 2, which is the Delta-K model. To measure this channel, we need a sounder to record the channel response from a single UWB pulse [9] - [12] . However, during the recording we need to consider the additive noise as following:
where h k (n k ) is the impulse response (additive noise) at the kth delayed tab and L max is the maximum number of channel tabs. Assuming Gaussian noise, n k follows the distribution of N(0, σ 2 n ). Figures 8, 9 , 10 and 11 show the performance variation of the proposed scheme for the UWB chan- nel model 1 to 4. It is observed from these figures that the proposed scheme performs much better than the ML scheme even at higher σ 2 n , i.e., higher channel estimation error. In addition, we also see that the performance difference is negligible among the UWB channel model.
Conclusion
In this paper, we have developed the design of parityencoded M-ary BPPM transmission and symbol detection algorithms in UWB systems to enhance the SER performance. Because the performance of the proposed scheme depends on the autocorrelation function of the multipath channel, a modification filter was introduced to satisfy the conditions of the channel autocorrelation function. Performance analysis and numerical results confirmed the consid- erable improvement in both the SER and BER performance, while keeping no symbol delay and low computational complexity.
